1. The net uptake and output of plasma unesterified choline, glycerophosphocholine, phosphocholine and lipid choline by organs of the conscious chronically catheterized sheep were measured. 2. There was significant production of plasma unesterified choline by the upper-and lower-body regions and the alimentary tract and uptake by the liver, lungs and kidneys. The upper-and lower-body regions drained by the venae cavae provided the bulk (about 82%) of the total body venous return of plasma unesterified choline. Production of plasma unesterified choline by the alimentary tract was approximately balanced by the plasma unesterified choline taken up by the liver, and was almost equal to the amount of choline secreted in the bile. 3. There was a considerable amount of glycerophosphocholine in the liver and there was production of plasma glycerophosphocholine by the liver and uptake by the lungs and kidneys. Glycerophosphocholine was higher in the plasma of sheep than in that of rats. 4. Plasma phosphocholine was produced by the alimentary tract and kidneys. 5. There was production of plasma lipid choline by the upper-and lower-body regions drained by the venae cavae. 6. The results suggest that the sheep synthesizes substantial amounts of choline in extrahepatic tissues and has the capacity for extensive retention and recycling of bile choline. These observations, coupled with a slow turnover of the endogenous choline body pool, explain the low requirement of sheep for dietary choline in contrast with non-ruminant species.
Sheep derive less than 0.1 mmol of choline/day from the diet, as there is rapid microbial breakdown of dietary choline to trimethylamine and methane in the alimentary tract (Neill et al., 1979; Dawson etal., 1981) . This is about 100 times less on a body-weight basis than the minimum intake required to avoid pathological lesions (e.g. fatty liver, haemorrhagic kidney) and death in many non-ruminant species. In the sheep more than 99% of the choline body pool is of endogenous origin, and this is in contrast with rats, where 18-54% of the body choline is of dietary origin (Dawson et al., 1981) . Sheep liver is less effective at synthesizing choline through the methylation of phosphatidylethanolamine to phosphatidylcholine than is rat liver (Bremer & Greenberg, 1961; Henderson, 1978; Neill et al., 1979) . Sheep appear to survive on a low choline intake owing to a slower turnover of the choline body pool (Dawson et al., 1981) .
It can be calculated from the data of Neill et al. (1979) and Dawson et al. (1981) that hepatic synthesis and dietary supply of choline only account for 29% of the daily choline requirement of the adult sheep. This suggests that extrahepatic tissues of sheep may be capable of substantial choline production in order to maintain the balance of the endogenous body pool. This would be in contrast with rats, where choline synthesis by extrahepatic tissues is of minor importance (Bremer & Greenberg, 1961; Bj0rnstad & Bremer, 1966) .
Mammals secrete considerable amounts of choline in the form of phosphatidylcholine into the intestinal lumen through the bile (Van Golde & Van den Bergh, 1977) . Balint et al. (1967) and Treble et al. (1970) have shown that bile phosphatidylcholine is preferentially synthesized from unesterified choline in rat liver. Bile phosphatidylVol. 217 B. S. Robinson, A. M. Snoswell, W. B. Runciman and R. N. Upton choline synthesis and secretion in rats is influenced by dietary choline (Robins, 1974; Robins & Armstrong, 1976) . In rats (Robins, 1975) and humans (Saunders, 1970) low amounts of the choline derived from bile phosphatidylcholine are re-incorporated into bile. Sheep secrete about 13mmol of phosphatidylcholine in bile per day (Adams & Heath, 1963; Noble, 1978) . Thus, since sheep receive a minimal dietary choline intake, there must be extensive enterohepatic recirculation and re-utilization of bile choline.
A conscious chronically catheterized sheep preparation has been developed whereby regional blood flow, 02 utilization, and drug and metabolite disposition may be directly measured in conscious unrestrained animals (Mather et al., 1982; Runciman, 1982) . This preparation has been used to measure the net uptake and output of various forms of choline by organs of the sheep. This experimental approach has allowed the origin of the bulk of the.endogenous choline body pool and the potential for retention and recycling of bile choline in sheep to be examined.
Experimental Animals
Merino wethers, aged 1-2 years and weighing 30-45 kg, were used for conscious chronically catheterized sheep preparations, and wethers, approx. 2 years old and weighing [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] kg, were used for obtaining tissue samples. Sheep were provided with water ad libitum and a daily ration of 1 kg of lucerne chaff. Before surgery the animals were starved for 24h.
Hooded Wistar male rats weighing 250-300g were used. They were given water and a pelleted rat diet (Charlicks, Adelaide, South Australia, Australia) ad libitum.
Chronically catheterized sheep
Five sheep were chronically catheterized with a combination of descending aorta, pulmonary artery, renal vein, hepatic vein, superior vena cava, inferior vena cava and portal vein catheters and maintained as described by Runciman (1982) and Mather et al. (1982) . The (Runciman, 1982) . Liver blood flow was measured by the Fick method with bromosulphophthalein as the indicator and assayed by a high-pressure liquid-chromatographic technique (Runciman, 1982) . Portal blood flow was determined by an indicator dilution method with sodium [125I]iodohippurate (Runciman, 1982 (Webster & Cooper, 1968; Illingworth & Portman, 1972) . The glycerophosphocholine and phosphocholine fractions were taken to dryness in vacuo at 40°C. The glycerophosphocholine residue was hydrolysed to unesterified choline in 5 ml of 1 M-HCI at 100°C for 30min. The phosphocholine residue was hydrolysed to unesterified choline in 5 ml of 3M-HCI at 123°C for 24h in a sealed test tube. All fractions were taken to dryness in vacuo and stored in a desiccator containing KOH pellets. The residues were redissolved in 5mM-sodium phosphate buffer (pH 7.8) and assayed for unesterified choline. The specificity of this technique was checked by applying a concentrated portion of each column fraction with corresponding standards on 0.2mm pre-coated silica gel 60 plates (E. Merck, Darmstadt, Germany) and developing in the solvent systems methanol/0.6% NaCl/NH3 (sp.gr. 0.88) (10:10:1, by vol.), methanol/acetone/il M-HCI (45:5:2, by vol.) and chloroform/methanol/NH3 (sp.gr. 0.88) (6:3: 1, by vol.). The compounds were detected with 12 vapour, removed from the plates and quantified by determination of choline.
Collection and treatment of sheep tissues for choline determination Sheep were killed by severing the necks, and samples of liver, kidney cortex, heart, skeletal muscle (musculus biceps femoris) and small intestine (jejunum) were rapidly excised and freezeclamped with aluminium-faced tongs previously cooled in liquid N2. The frozen tissue samples were powdered in a stainless-steel mortar with a heavy stainless-steel pestle. Powdered tissue (1 g) was extracted and the various forms of choline were separated and hydrolysed to unesterified choline as described for blood samples.
Determination of choline
Unesterified choline was assayed by a modification of the radioenzymic method with choline acetyltransferase and labelled acetyl-CoA, described by Shea & Aprison (1973) and Hebb et al. (1975) . Choline Stadtman (1957) and assayed as described by Decker (1974 The results in Table 1 show the plasma unesterified choline concentrations in seven different vessels of five chronically catheterized sheep. Sheep with blood haemoglobin type A showed lower plasma unesterified choline concentrations than sheep with blood haemoglobin type B in corresponding vessels. The values reported in the present paper are lower than those reported for non-ruminant species (Wang & Haubrich, 1975; Zeisel & Wurtman, 1981; Zeisel, 1981) .
Differences in plasma unesterified choline concentrations between vessels can give a measure of the net uptake and output of choline by various organs. The values shown in Table 2 indicate a significant production of unesterified choline by the alimentary tract and the upper-and lower-body regions and uptake by the liver, lungs and kidneys of sheep. The production of unesterified choline by the alimentary tract was substantial and was particularly pronounced in sheep 3. Unesterified choline production by the alimentary tract was approximately balanced by hepatic uptake if a correction is made for the input into the liver via the hepatic artery (approx. 20% of the total liver blood flow) in addition to the main input via the portal vein. There was almost equal production of unesterified choline by the venae cavae-drained upper-and lower-body regions. Bloodflow rates measured in chronically catheterized sheep The results of cardiac output, liver blood flow and kidney blood flow measurements in five chronically catheterized sheep are presented in Table 4 and are consistent with those obtained by Hales (1973) and Katz & Bergman (1969) . Sheep with blood haemoglobin type A showed significantly higher cardiac output and regional blood flow rates than those with blood haemoglobin type B (P<0.01; Student's t test). This phenomenon is almost certainly related to the lower O2-carrying capacity of haemoglobin type A compared with haemoglobin type B in sheep blood (Blunt & Huisman, 1975) . The higher blood flow rates in the haemoglobin type A sheep may be responsible for the lower plasma unesterified choline concentrations in the various vessels of these animals, as shown in Table 1 (Katz & Bergman, 1969) with the apparent relative contribution of the portal flow to hepatic flow being subject to wide variation. However, pooling weighted-mean sodium [1251] iodohippurate values from 140 measurements in six sheep yielded an average portal fraction of 0.80 of total liver blood flow (Runciman, 1982) . This value is similar to that reported for several species (Richardson & Withrington, 1981) and is used by others working with sheep (Katz & Bergman, 1969; Thompson et al., 1978) .
Concentrations of various forms of choline in sheep tissues
The concentrations of free choline and choline esters in adult sheep tissues are presented in Table  5 . Lipid choline constitutes the major form of choline in all tissues examined, with the highest (1973) . The concentration of glycerophosphocholine is high in sheep liver (Table  5 ) and is about 11 times greater than the level reported in rat liver (Dawson, 1955a) . Other workers have also observed a high concentration of glycerophosphocholine in sheep and bovine liver (Schmidt et al., 1952 (Schmidt et al., , 1955 Table 5 indicate that the concentration of phosphocholine is relatively low in most tissues except the liver and kidney cortex. The phosphocholine values for sheep liver and small intestine in Table 5 are lower than those determined for the rat by Dawson (1955b) . Conversely, the level of phosphocholine observed in sheep kidney appears to be higher than that of rat kidney (Dawson, 1955b) . The results obtained for unesterified choline in sheep tissues are higher than those reported in corresponding guinea-pig and rat tissues (Haubrich et at., , 1976 . The highest levels of unesterified choline were found in the small intestine and skeletal muscle of sheep (Table 5) .
Concentrations of various forms of choline in plasma and cells of sheep and rat blood Table 6 shows that the concentrations of the various forms of choline are higher in the cells than in the plasma of sheep and rats. The ratio of unesterified choline concentration in the cells compared with that in plasma is slightly greater than 1 for both species examined, as previously found for humans (Hanin et al., 1979; Barclay et al., 1982) . The plasma concentration of glycerophosphocholine was approx. 3 times greater in sheep than in rats (Table 6 ). In all other cases the rat showed higher levels of the various choline derivatives than did the sheep in both cells and plasma.
Discussion
Glycerophosphocholine is an intermediate in the catabolism of phosphatidylcholine to unesterified choline (Dawson, 1955a) , and the concentration in sheep liver reported here is several times higher than that in rat liver (Dawson, 1955a ; R. M. C. Dawson, personal communication) . The activity of glycerophosphocholine phosphodiesterase (EC 3.1.4.2), which liberates unesterified choline from glycerophosphocholine, is negligible in sheep liver and high in rat liver (Dawson, 1956 ; R. M. C. Dawson, personal communication) . These observations in sheep liver suggest a mechanism for conserving the choline moiety of phosphatidylcholine by preventing the ready release of unesterified choline as a substrate for oxidation to betaine and CO2. The present work also shows that in sheep a portion of the liver glycerophosphocholine is transported to the lungs and kidneys via the plasma, which would help to supply the choline pool of these tissues. There appears to be production of phosphocholine by the alimentary tract and kidneys of the sheep. The latter observation fits in. with the relatively high concentration of phosphocholine found in sheep kidney, and may be related to the low amounts of choline secreted in the urine (Luecke & Pearson, 1945) . Plasma unesterified choline is taken up by the liver, lungs and kidneys of sheep, as shown in Table 2 , and is likely to be used efficiently for lipid choline synthesis via the CDP-choline pathway. Uptake of unesterified choline by the lungs may be used in the synthesis of (dipalmitoyl) phosphatidylcholine, a principal pulmonary surfactant (Frosolono, 1977; Zeisel, 1981) . Dawson et al. (1981) calculated that sheep require approx. 17.3mmol of choline/day in order to maintain the choline body pool, which is almost entirely of endogenous origin. Sheep derive less than 0.1 mmol of choline from the diet per day, as there is almost complete microbial destruction of dietary choline in the alimentary tract (Neill et al., 1979; Dawson et al., 1981) . Neill et al. (1979 Neill et al. ( ) 1984 showed that the sheep liver can synthesize a maximum of 0.1 mmol of choline/day per kg body wt. by the methylation of phosphatidylethanolamine to phosphatidylcholine (i.e. 5.0mmol of choline/day for a 50kg sheep). Thus these two sources of choline provide only 29% of the daily choline requirement, which implies that the bulk of the endogenous choline body pool is maintained by substantial choline synthesis in extrahepatic tissues of sheep. The data for chronically catheterized sheep 4 and 5, reported here, support this conclusion. The mean total body venous return of plasma unesterified choline for the two sheep is 15.1 ymol/min, on the basis of the mean hepatic venous plasma unesterified choline return of 2.8 umol/min, and the mean superior and inferior venae cavae plasma unesterified choline return of 12.3 mol/min, representing the rest of the body (taking the systemic venous blood flow as approximately the mean cardiac output minus mean hepatic and renal vein flows). The mean total body venous return of plasma unesterified choline is almost equal-to the mean total body arterial output of 15.6 gmol/min, if corrections are made for uptake of unesterified choline by the liver via the hepatic artery (approx. 20% of the total mean liver blood flow) and uptake by the lungs and kidneys. Thus this whole-body calculation indicates that only 18% of the total body unesterified choline return is provided by the liver, and the major contribution (82%) is by the vanae cavae draining the upper-and lower-body regions of the sheep.
The upper-and lower-body regions drained by the venae cavae of sheep 5 produced substantial amounts of lipid choline in addition to unesterified choline. Since there was significant production of lipid choline and no uptake or output of glycerophosphocholine and phosphocholine in the plasma across the upper and lower body, it eliminates the possibility that unesterified choline production is derived from choline ester breakdown as the blood flows through these regions. Presumably the source of the lipid choline and unesterified choline is from net synthesis of phosphatidylcholine by the methylation of phosphatidylethanolamine in upper-and lower-body tissues of sheep, e.g. brain, endocrine glands, lymph nodes, endothelium of veins, skeletal muscle, bone marrow. Choline may also originate from bile and net synthesis in the mucosa of the intestine, reaching the venae cavae in lymph via the thoracic duct. In rats choline synthesis is of quantitative significance in the liver but not in extrahepatic tissues (Bremer & Greenberg, 1961; Bj0rnstad & Bremer, 1966) , and a substantial part of the choline body pool is of dietary origin (Dawson et al., 1981) .
Sheep secrete about 13mmol of phosphatidylcholine into the intestinal lumen through bile per Vol. 217 day (Adams & Heath, 1963; Noble, 1978) . Balint et al. (1967) and Treble et al. (1970) have demonstrated that bile phosphatidylcholine is synthesized in liver from unesterified choline via the CDP-choline and base-exchange pathways, rather than by the methylation pathway. Since sheep receive only limited amounts of dietary choline, there must be efficient reabsorption and reutilization of the bile choline from the intestine in order to maintain the balance of the endogenous choline pool and the daily rate of secretion in bile. The mean net plasma unesterified choline production by the alimentary tract of chronically catheterized sheep 1, 2 and 3 reported here is 11.2mmol/ day, on the basis of the mean portal minus arterial plasma unesterified choline difference and an average calculated portal blood flow (approx. 80% of the mean total liver blood flow). It is improbable that this unesterified choline arises from the hydrolysis of choline esters as the blood flows through the alimentary tract, since there was production of glycerophosphocholine and phosphocholine and no uptake or output of lipid choline in the plasma across this region. The amount of choline produced is much higher than that received from the diet (Dawson et al., 1981) and is probably mainly derived from the phosphatidylcholine delivered in bile. The mean uptake of unesterified choline by the liver in the three sheep is 15.1 mmol/day [calculated from the equation of Bergman & Wolff (1971) ] and is almost equal to the mean production of unesterified choline by the alimentary tract. Thus there appears to be considerable reabsorption and enterohepatic recirculation of the unesterified choline moiety of bile phosphatidylcholine from the intestine of the sheep. Presumably the unesterified choline taken up by the sheep liver is mainly re-utilized for bile phosphatidylcholine synthesis by the CDP-choline and base-exchange pathways. In non-ruminant species less than 10% of the choline moiety of bile lipid choline that enters the enterohepatic circulation is re-utilized for bile phosphatidylcholine synthesis in the liver (Saunders, 1970; Robins, 1975) . This explains the dependence of bile phosphatidylcholine synthesis and secretion in rat liver on dietary choline (Robins, 1974; Robins & Armstrong, 1976 ).
It may be calculated from the data of Harrison & Leat (1972) and Christie (1978) Runciman and R. N. Upton [14C]ethanolamine to sheep clearly indicated that the small intestine is an active site for the synthesis of phosphatidylcholine (R. M. C. Dawson, personal communication) . In contrast, the synthesis of choline by the methylation pathway is insignificant in the rat small intestine (Bremer & Greenberg, 1961; Wise & Elwyn, 1965; Bj0rnstad & Bremer, 1966) .
The use of chronically catheterized sheep has provided good evidence that the sheep synthesizes substantial amounts of choline in other tissues besides the liver and has the potential for the efficient retention and recycling of bile choline. These factors, coupled with a slow turnover of the endogenous choline body pool, explain the insensitivity of the sheep to a low dietary choline supply compared with many non-ruminant species.
